INTRODUCTION
Hereditary palmoplantar keratoderma (PPK) is a heterogeneous group of genodermatoses characterized by abnormal thickening of the palms and soles. PPK arises from abnormal terminal differentiation and construction of the cornified envelopes. 1, 2 Among the PPKs, epidermolytic PPK (EPPK; OMIM: 144200) inherited in an autosomal dominant pattern, with a worldwide incidence of 2.2-4.4 per 100,000 live newborns, is the commonest subtype. It manifests at birth or soon thereafter as diffuse yellow palmoplantar hyperkeratosis with distinct erythematous borders, sometimes combined with knuckle pads, digital mutilation, or camptodactyly. Histology may show epidermolytic areas in the upper stratum spinosum and granulosum. [1] [2] [3] Currently, dominant-negative mutations in the KRT9 gene (encoding keratin 9 [K9]) on chromosome 17q12 are recognized as the molecular etiology in most cases. [4] [5] [6] [7] [8] The precise molecular and cellular abnormalities underlying EPPK remain unknown, and there is still no effective therapy 117 years after its first description by Vorner in 1901. However, the unique pathological mechanism in which EPPK is exclusively caused by dominant-negative mutations of KRT9 makes it well suited for the development of gene-editing-based therapeutics that specifically inhibit the activity of the causative K9 allele. 2, [6] [7] [8] To date, considerable numbers of reports have confirmed that the CRISPR/Cas9 is the most innovative genome-editing technique to treat genetic defects. [7] [8] [9] [10] [11] In principle, CRISPR/Cas9 relies on a single-guide RNA (sgRNA) to recruit Cas9 nuclease to a specific locus by sequence complementarity and to induce double-strand breaks. These breaks are subsequently repaired either by non-homologous end joining or homology-directed repair in the presence of a donor template. 12 By introducing the CRISPR/Cas9 system into a cell line, a zygote, or a specific tissue, it is possible to ameliorate the abnormal phenotype caused by a specific disease-causing gene mutation. [11] [12] [13] [14] [15] Previously, using a gene-targeting technique, we constructed a knockin (KI) transgenic mouse model that carried a small insertion-deletion (indel) heterozygous mutation of the Krt9 gene, c.434delAinsGGCT (p.Tyr144delinsTrpLeu), corresponding to the human mutation KRT9/c.500delAinsGGCT (p.Tyr167delinsTrpLeu), and this caused a humanized EPPK-like phenotype. 16 The indel mutation within exon 1 of Krt9 generated a novel protospacer adjacent motif (PAM) site, TGG, for Cas9 recognition and cutting. Thus, by delivering a lentivirus vector (LV) encoding sgRNAs and Cas9 that targeted the Krt9 DNA sequence into HeLa cells engineered to constitutively express either the wild-type (WT) or the c.434delAinsGGCT mutant allele, we developed an in vitro cellbased system to test the CRISPR potency. We then injected LV carrying sgRNA and Cas9 components into the right fore-paw of adult KI-Krt9 mice three times every 8 days. The phenotypic correction was demonstrated as $14.6% reduction of disease-associated K9 after the treatment compared with controls. The mitigation of the disease was also revealed by restoration of the abnormal differentiation and aberrant proliferation of the epidermis. Our results suggested that CRISPR/Cas9 is a potentially powerful therapeutic option for EPPK and other PPK subtypes.
RESULTS

Construction of Krt9-Specific sgRNAs
The PAM (NGG sequence) is a critical feature of the CRISPR/Cas9 system, dictating its DNA target search mechanism. [9] [10] [11] Based on the Krt9/c.434delAinsGGCT mutation, a novel PAM site (TAC/ TGGCTC) within exon 1 of the Krt9 gene sequence was generated to design the sgRNA, and another novel PAM, two bases next to the mutation site, was also formed. Thus, two sgRNAs, sg1 and sg2, complementary to the sequence 20 nt adjacent to the PAM site were designed ( Figure 1A) . Assessed by the "Optimised CRISPR Design Tool" provided online by Dr. Feng Zhang (http://crispr.mit.edu/), sg1 and sg2 were calculated as having scores of 60 and 62, which were the highest-efficiency predictable sgRNAs that could be generated within a 10-base cut-to-mutation distance. 13 Ten potential highest-ranking genomic off-target sites in the mouse genome were also predicted using this program (Table S1 ).
Specificity and Potency of Lentivirus-Delivered CRISPR/Cas9 System In Vitro
The allele specificity and potency of sg1 and sg2 were assessed in vitro. We established a heterozygous HeLa cell line (HeLa Hez) stably co-expressing WT allele-mCherry and mutant (MUT) allele-EGFP, i.e., heterozygous for Krt9 ( Figure S1 ). HeLa Hez cells transduced by Cas9-LV without the sgRNA component served as the positive control, and cells without EGFP or mCherry fluorescence as the negative control. The fluorescence intensity of EGFP via flow cytometry (FACS) elucidated the efficacy of CRISPR/Cas9 on the target mutation sequence, and that of mCherry evaluated the possibility of offtarget effects on the WT allele. Robust expression of FLAG demonstrated the transduction efficiency of LV and the high expression of Cas9, regardless of whether Cas9-LV, sg1-Cas9-LV, or sg2-Cas9-LV was transduced into cells ( Figure S1 ).
After the transduction of sg1-Cas9-LV, potent reductions of 63.2% for total fluorescein isothiocyanate (FITC) fluorescence and 22.8% for mCherry fluorescence were observed in HeLa Hez cells, compared with lesser reductions of 32.1% and 7.0% measured in the cells infected with sg2-Cas9-LV ( Figures 1B and 1C) . These data indicated the specificity and potency of both sg1-Cas9-LV and sg2-Cas9-LV, but the vector sg1-Cas9-LV had a higher efficiency in vitro ( Figure S2 ). The results of western blotting analysis were consistent with these observations. Using the expression levels of GAPDH and FLAG as references, we found reductions of 58.2% versus 45.8% and 43.5% versus 21.6% K9 protein in the different transduced HeLa Hez cells 72 hr after treatment, respectively (Figures 1A and 1E) . Therefore, sg1-Cas9-LV was the first choice for the in vivo treatment.
Localized Subcutaneous Injection of the CRISPR/Cas9 System and Efficacy Assessment In Vivo
In the humanized EPPK-like mouse model, the phenotype developed on the major impact-dampening footpads of the main weight-bearing paws, the fore-paws. To determine whether sg1-Cas9-LV affects the process of hyperkeratosis in vivo, we treated 12-week-old KI-Krt9 mice (n = 4) with subcutaneous injections of 15 mL sg1-Cas9-LV into the right fore-paw three times every 8 days, each with a viral dose of 4 Â 10 8 infectious units/mL. The left fore-paw of the model mice was injected with Cas9-LV as controls, and all mice were imaged before and after injection. Tissues from the paw pads were analyzed by H&E staining, immunofluorescent (IF) staining, transmission electron microscopy (TEM), and immunoblotting after injection for 24 days.
The hyperpigmented calluses of the right fore-paw pad regressed significantly after treatment, compared with those of the left pad (Figure 2A ). H&E staining showed that the epidermal thickness of the right pad decreased, with less expansion of the epidermis and less massive hyperkeratosis. The average epidermal thickness of the right pad was $43 mm, half as thick as the left pad (86 mm), although it was still 1.34 times that of the normal pad of WT mice (32 mm) (Figure 2B ). Usually, melanin covers the upper part of the nucleus of a keratinocyte to form a supranuclear cap to protect the nucleus from ultraviolet radiation. The melanin was increased in the epidermis of the pads of both K9 knockout and K9 mutant KI mouse models. 16, 17 The results of H&E staining analysis showed reduced levels of melanin in the right pads similar to WT mice, compared with the left pads ( Figure 2C ).
Analysis of both IF staining and immunoblotting against FLAG reflected the higher efficiency of sg1-Cas9-LV treatment ( Figure 3 ). The expression levels of K9 were used for normalization. Defining the K9 expression in paw pads of WT mice as 100.0%, the ratio was 140.0% in the Cas9-LV-treated left pads of KI-Krt9 mice, but 120.0% in the sg1-Cas9-LV-treated right pads. Taking the K9 expression in the left pads of mutant mice as 100.0%, the ratio was only 71.4% for WT and 85.4% for the sg1-Cas9-LV-treated right pads of KI-Krt9 mice, i.e., an $14.6% decrease in K9 expression was found in the sg1-Cas9-LV-treated mice ( Figure 3B ). Relative to the expression level of FLAG, K9 expression was reduced 30.3% in the sg1-Cas9-LV-treated KI-Krt9 mice ( Figure 3B ).
After injections for 24 days, the experimental mice were euthanized and genomic DNA (gDNA) prepared from the paw pads. PCR www.moleculartherapy.org amplification targeted to the specific DNA region including exon 1 and intron 1 of Krt9, cloning, and Sanger sequencing were performed. In the humanized EPPK-like heterozygous mouse model, the mutant allele possessed a 121-bp KI fragment in intron 1 of Krt9 that differentiated it from the WT allele. Both the forward and reverse sequencing results of 72 clones established from the gDNA of the sg1-Cas9-LV-treated pads identified 31 mutant clones and 41 WT clones that maintained the intact Krt9 exon 1 and intron 1 sequence ( Figure S3 ). DNA sequencing of the 10 potential highest-ranking genomic off-target sites in 200 clones showed only several single-nucleotide mutations at these 10 loci (Table S1) . No abnormalities were observed in mice treated with either sg1-Cas9-LV or Cas9-LV. TEM analysis revealed more normal tonofilaments and fewer cytolysis-caused vacuoles in the suprabasal layers of the epidermis of the right pads, indicating the ameliorated phenotype of KI-Krt9 mice ( Figure 4A ).
IF staining against the cellular proliferation markers Ki-67 and 5-bromo-2 0 -deoxyuridine (BrdU) and the keratinocyte differentiation markers involucrin and filaggrin demonstrated the partial rescue of abnormal proliferation after the sg1-Cas9-LV injection. Ki-67 is an excellent marker to determine the growth fraction of a given cell population ( Figure 4B ). BrdU, a thymidine analog that is incorporated into dividing cells during DNA synthesis, was also used to measure cell proliferation, and the data supported the result of Ki-67 staining (Figure S4) . 18 Although both involucrin and filaggrin appropriately localized to the granular layer in WT mice, we observed a decrease of involucrin and filaggrin staining intensity within the horny layer of the treated KI-Krt9 mice ( Figure 4B ).
In the paw pads of KI-Krt9 mice, the dominant-negative mutation of K9 induces an imbalance in a subset of palmoplantar keratins (K1, K2, K5, K6, K10, K14, and K16). 16 After sg1-Cas9-LV treatment, the results of both immunoblotting and IF staining showed that both the expression levels and localization of these keratins were rescued and similar to those in WT mice ( Figure 5 ). Among them, the expression of K2 increased 48.9%; K6, 43.2%; K14, 19.7%, and K16, 28.9% ( Figure 5B ). Significant changes in the expression and localization of K1 and K14 were similar to those in WT mice, which also indicated that the differentiation of epidermis treated with sg1-Cas9-LV tended toward the normal state ( Figure 5C ).
DISCUSSION
The vast majority of mutations in inherited keratin disorders are either missense or small in-frame indel mutations, and the disease severity is often related to the position of the mutation. The dominant-negative mutant K9 protein interferes with the function of the normal allele. The treatment challenge is to specifically decrease the expression or impact of the mutant allele or its encoded mutant protein without disrupting the expression or function of the normal allele or its normal protein. Thus, the Krt9/c.434delAinsGGCT (p.Tyr144delinsTrpLeu) KI mouse is an excellent heterozygous model for gene therapy research. 16 To the best of our knowledge, this study is the first to report CRISPR/ Cas9 system delivery by LV, leading to in vivo gene therapy amelioration of the disease phenotype in a humanized EPPK-like mouse model.
Designing the optimal sgRNA is crucial for the CRISPR/Cas9 system to target a specific site in the genome, especially when the target site only has several bases different from the other DNA sequences. PAM-site mutations seem broadly effective, so sgRNA target mutations may have variable effects at different loci. 19 Here, our data demonstrated that the sgRNA with the cut-site mutation (sg1) was more efficient than that with the PAM-site mutation (sg2) (Figures 1B and 1C ).
Relative to FLAG and GAPDH, the reduction of K9 differed by 13.2% between in vitro and in vivo using semiquantitative analyses of immunoblotting ( Figures 1D, 1E, 3B, and 3C ). Because the expression of FLAG was positively correlated with the transduction efficiency of LV, this difference may be caused by disparities between the internal environment and in vitro. There may be some other regulatory pathways impacting the expression of K9 in the mouse. Although the efficiency of the CRISPR/Cas9 system has been evaluated on KRT12 by plasmid, on KRT14 in cells, and on recessive dystrophic epidermolysis bullosa cells from a patient's skin biopsy and an embryo, no evaluation with a highly efficient vector in vivo has been carried out on genodermatoses. [20] [21] [22] [23] Thus, the difference in efficiency between in vitro and in vivo should be considered when further CRISPR/Cas9 therapy is applied in vivo.
RNAi therapy has been used on humans with pachyonychia congenita, a genodermatosis with an autosomal dominant transmission that includes a disabling plantar keratoderma. 24 During 100 days of treatment with 33 rounds of injections, clearing of the callus around the site of injection developed, but the level of pain during the injections is a significant concern, and the effect may not persist. 24 Unlike the RNAi method, CRISPR/Cas9 targets DNA rather than RNA, ensuring that the effect is permanent. 25 Compared with our previous shRNA therapy delivered by LV in the same Krt9/KI mouse model, the reduction of thickness of treated pads by the CRISPR/Cas9 system was 10% greater. 16 Because CRISPR/Cas9 is derived from prokaryotes, it has less crosstalk with eukaryotic components than the RNAi pathway. 9 The higher specificity of CRISPR/Cas9 may allow for fewer injections showing preferential integration into any specific gene locus, LVs can thus reduce the chances of activating an oncogene in a large number of cells. 29 In addition, LVs have a larger cargo capacity and a more stable long-term transgene expression than AAVs, which allows expression of the larger Cas9 proteins, enabling the targeting of more genomic sites. 30, 31 So far, only a few studies have demonstrated in vivo gene editing following LV delivery of Cas9. [31] [32] [33] [34] In this study, we chose LV as the delivery tool and suggested a better therapeutic efficacy over the renewal cycle of the epidermis. Then, the disrupted cytoskeletal integrity, abnormal differentiation, and irregular proliferation were ameliorated. Thus, we suggest that the CRISPR/Cas9-mediated genome editing tool is an effective means of gene modification in the epidermis and a therapeutic approach to correcting defective proteins.
The off-target effect is still of great concern for application of CRISPR/ Cas9-mediated genome engineering. 35 Rare "off-target" effects of a protein can be caused by DNA mutations in off-target genes and contribute to the development of certain human tumors. 36 Identifying off-target cleavage is a formidable problem given the size and complexity of the eukaryotic genome. 37 In this study, in the 49 potential highest-ranking genomic off-target sites predicted by the "Optimised CRISPR Design Tool" (Table S1 ), several off-target sites were located within the exons of functional genes, while only the top 24 of these sites were expressed in skin. The results of DNA sequencing from gDNA clones showed that the mismatched rate among the 10 potential highest ranking genomic off-target sites was only 3/200, indicating that there were no notable off-target effects (Table S2 ).
The CRISPR/Cas9 system has been widely used in spermatogonial stem cells, in various mouse models of human genetic disorders, and even in even age-related macular degeneration. [38] [39] [40] [41] [42] There are 10 clinical trials under investigation based on the strategy of CRISPR/Cas9 (https:// clinicaltrials.gov), two of which focus on the safety of CRISPR-Cas9. Although therapeutic safety and efficacy after transplantation remain to be evaluated clinically, CRISPR/Cas9-mediated treatment provides a new vision of cell therapy for many genetic diseases. 26 After the genomic changes occur following the transduction of the CRISPR/Cas9 system, using cytokines as adjuvant therapy to accelerate regeneration could be a feasible means of enhancing the therapeutic efficacy. 43, 44 Unlike the general therapeutic strategies for genetic diseases targeting either the genetic cause underlying a specific disorder or disease-specific pathophysiological pathways, the current standard care for EPPK and other keratin disorders still only has retinoids for treating the hyperkeratosis, focusing on symptomatic treatment. Although the CRISPR/Cas9 system had a significant effect on adult Krt9/KI mice after local injection, we predict that this therapy could be more effective with adjuvant treatment.
In conclusion, our research demonstrates the therapeutic benefits of LV-mediated CRISPR/Cas9 genome editing in an adult mouse model of EPPK, indicating that localized injection of the CRISPR/Cas9 system is a potentially powerful treatment for genetic defects that have local effects, such as hereditary PPKs. 
MATERIALS AND METHODS
Construction of Lentiviral Delivery for CRISPR/Cas9
Construction of the lentiviral delivery systems Cas9-LV, sg1-Cas9-LV, and sg2-Cas9-LV was based on the vector GV392. The EGFP fragment was replaced with the expression sequence FLAG. The sg1 strand 5 0 -CACCGCCGTCTGGCCTCTTGGCTCA-3 0 and the sg2 strand 5 0 -CACCGTCAATTCCCGTCTGGCCTCT-3 0 were synthesized by GeneChem (Shanghai, China). The Cas9-LV vector had no sgRNA strand.
Cell Culture and Transduction of HeLa Cells with Lentiviral Vectors
LVs containing Krt9 exon1 MUT-EGFP and Krt9 exon1-mCherry were produced as follows: 24 hr after plating, 293FT cells were co-transfected with 1.0 mg of Krt9 exon1 MUT-eGF or Krt9 exon1-mCherry ( Figure S1A ), 0.75 mg of psPAX2 (#VT1444; YouBio, Hunan, China), and 0.25 mg of pMD2.G (#VT1443; YouBio, Hunan, China) using Lipofectamine 2000 (#11668-019; Invitrogen). After incubation for 48 hr, the medium was replaced with fresh medium. The supernatant was collected, and reconstructed LVs were harvested by centrifugation and stored at À80 C for further experiments. HeLa cells were transduced with the two reconstructed LVs. After selection of cells express- 
Flow Cytometry
The cells were prepared for FACS 60 hr after replacing the medium. Before FACS, the cells were suspended in PBS, pipetted, and filtered. The BD FACSAria III was operated using the standard protocol. Analysis was performed using FlowJo software.
Western Blotting
Epidermis from the fore-paw pads of WT and KI-Krt9 littermates was dissected and ground in liquid nitrogen. The next steps were the same for both cells and tissues. Radioimmunoprecipitation assay (RIPA) buffer (0.5% Nonidet P-40 , 1% SDS, 50 mM Tris [pH 8.0], 0.1 mM EDTA, 150 mM NaCl, 100 mM Na 3 VO 4 , 1 mM dithiothreitol, 0.4 mM phenylmethylsulfonyl fluoride, 3 mg/mL aprotinin, 2 mg/mL pepstatin, 1 mg/mL leupeptin) was used to lyse cells and tissues. The mixture was then centrifuged at 4 C for 20 min. After adding 4Â loading buffer, the protein sample was denatured for 5 min at 95 C. The gel was run at 120 V for 90 min. After blotting the protein onto polyvinylidene fluoride membranes, the membranes were blocked for 60 min in skim milk and incubated overnight at 4 C with the primary antibody. The membranes were washed and incubated with the secondary antibody for 60 min. The bound antibodies were visualized with the Tanon 5200 chemiluminescent imaging system (Biotanon, Shanghai, China). The results of staining per area were generated by ImageJ with t test statistical analysis.
Animals
Mice on a C57BL/6 genetic background carrying Krt9/ c.434delAinsGGCT were housed in groups with a 12-hr dark/light cycle and free access to food and water in accordance with the Regulations on Mouse Welfare and Ethics of Nanjing University, China. All procedures were conducted with the approval of Model Animal Research Center of Nanjing University. Mice between 12 and 16 weeks of age were used in all experiments.
Localized Subcutaneous Injection
Mice were anesthetized by an intraperitoneal injection of chloral hydrate (40 mg/g). Localized subcutaneous injections of sg1-Cas9-LV into the right fore-paws of mice were performed using a microsyringe (location of injection is shown in Figure 2A ).
BrdU Incorporation Assay
Each mouse received an intraperitoneal injection of 200 mg/kg BrdU twice every 1.5 hr, and epidermis from the fore-paw pads was dissected 2 hr after the second injection. BrdU (BrdU powder, No. E607203; Sangon Biotech, Shanghai, China) was prepared in PBS.
Histopathology and Immunofluorescence Analysis
Epidermis from the fore-paw pads of WT and KI-Krt9 littermates was dissected and fixed at 4 C for 4 hr in 4% paraformaldehyde/PBS. Then the tissues were dehydrated, embedded in paraffin, and cut at 8 mm. For histopathological analyses, the sections were deparaffinized and stained with H&E using standard protocols. Epidermal thickness was measured with t test statistical analysis using Photoshop software. For IF analysis, rehydrated paraffin-embedded sections were washed in PBS, blocked in 5% normal goat serum for 1 hr at room temperature, incubated with primary antibody (in 2.5% normal goat serum) at 4 C for 16 hr overnight, incubated with secondary antibody (in 2.5% normal goat serum) for 45 min, counterstained with DAPI, mounted, and imaged (the sections were washed three times in PBS before each step). Images were captured using a Leica SP5 Laser Scanning Confocal Microscope (Leica, Buffalo, IL, USA).
TEM and Barrier Function Assays
For TEM, tissues from the footpads of fore-paws were fixed in 2.5% glutaraldehyde in cacodylate buffer for 24 hr at 4 C. After rinsing twice with cacodylate buffer, samples were post-fixed in aqueous osmium tetroxide for 2 hr at 20 C. Samples were rinsed three times with cacodylate buffer and dehydrated through a graded series of ethanol concentrations. After dehydration through acetone, samples were infiltrated with complete embedding medium and dried in a 60 C oven for 48 hr. Then, the samples were cut at 70 nm and stained with 2% uranium acetate-saturated alcohol and lead citrate for 15 min each. Ultra-thin sections were examined on a TEM (HT7700; Hitachi, Tokyo, Japan).
T-A Cloning
To investigate the nature and frequency of the specific sg1-Cas9-LVcorrected indel, we performed T-A cloning and Sanger sequencing analysis using PCR amplicons from the gDNA at Krt9 exon 1 and 10 different loci. Epidermis from the fore-paw pads of WT and KIKrt9 littermates treated with Cas9-LV or sg1-Cas9-LV was sampled for gDNA extraction. Then, PCR, T-A cloning (pMD 18-T Vector Cloning Kit, #6011; TaKaRa, Shiga, Japan), and Sanger sequencing were carried out according to standard protocols. 
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